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Abstract

In the context of the ongoing energy transition from fossil fuels to renewable energies, suitable energy storage systems play a major role. An
important aspect here is sustainable battery cell production itself, but also the generation of transparency about the battery life cycle, e. g. in form
of a battery passport. To remain competitive and to ensure sustainable production, high product quality with low scrap rates during production
has to be achieved. This is possible with process optimization and digitalization. One underlying requirement lies in a traceability system. To
enhance quality of battery cells as well as to minimize scrap, tracing at the finest granularity serves as a key enabler. A broadly applied traceability
solution has not yet been fully explored and central challenges lie in the linking of continuous and discrete production steps — both from a digital
and physical perspective. In this paper, we propose a concept for realizing a traceability system in battery cell production based on a product-
specific identifier (ID) and the underlying data aggregation. The procedure for tracing an ID through the production steps of a battery cell, the
assignment of relevant production data and the prototypical implementation, are presented. For this purpose, concept for battery cell production
is introduced, which uses an object-oriented approach to link the different stages of the product ID with the respective production progress. The
data generated in the process is aggregated and stored in a database, with the ID enabling unique assignment. Existing dependencies between
individual entities of components to be traced and the assignment of corresponding data are shown by means of entity-relationship diagrams.
Finally, the application of the concept and the validation are demonstrated using the first processes of electrode production.
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1. Introduction and motivation The production of the cells can be divided into electrode
production, cell assembly, and the formation and aging of the
The demand for battery cells increases steadily, which leads  cells (see Fig. 1) [6, 7].
to a market growth for lithium-ion battery cells from around
200 GWh annually today to over 2,000 GWh by 2030 [1, 2].
The production of battery cells offers a huge potential for

increasing efficiency, sustainability, and production quality [3, g Electrode
4, 5]. production

g Formation

Assembly

Fig. 1. Process chain in battery cell production [4]

2212-8271 © 2023 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-ne-nd/4.0)

Peer-review under responsibility of the scientific committee of the 56th CIRP International Conference on Manufacturing Systems 2023
10.1016/j.procir.2023.09.160



Alexander D. Kies et al. / Procedia CIRP 120 (2023) 1262—1267 1263

Electrode production is the critical factor in battery cell
production, since core cell properties such as capacitance,
impedance, cycle stability and rate stability are determined at
this stage. In addition, minor contamination can cause safety-
critical consequences, leading to the necessity of carrying out
processes under cleanroom conditions. The manufacturing of
cathode and anode is therefore crucial for the quality of the
finished cells [7, 8]. The production of anode and cathode
follows the same process steps. The electrode foils are each
coated with a prepared paste of active materials, dried,
calendared, cut into the required format and finally dried again
under vacuum [6, 9]. The assembly differs depending on the
cell type (cylindrical, pouch, and prismatic) [10]. For all cell
types the electrodes are inserted into a housing, the cells are
sealed, and filled with electrolyte [9]. The final stage of cell
production is formation, which is the initial charging of the cell.
Finally, the functionalities of the cells are tested [11].

To ensure sustainable, efficient, and high-quality
production, high product quality with low scrap-rates during
production must be achieved. This is possible with process
optimization and digitalization [11]. One underlying
requirement for this is the establishment of a traceability system
[12]. The reasons for traceability are manifold and range from
meeting regulatory and customer-specific requirements to
increasing economic benefits, which eventually also includes
sustainability [13]. Specifically, traceability can help to ensure
proof of origin, for example, or enable energy consumption
hotspots in production to be made transparent.

In this paper, we introduce a concept for realizing a
traceability system in battery cell production. The motivation
and introduction are followed by related work in chapter 2. We
describe the developed system in chapter 3 and validate it in a
real-world production described in chapter 4.

2. Related work
2.1. Traceability in battery cell production

A traceability system consists of the main elements
identification, capture, and data acquisition and aggregation of
relevant data and aims to enable transparency and solutions for
supply chain safety and security [14, 15]. Furthermore, it serves
as an enabler, e. g. for a battery passport [5].

Implementing traceability in battery cell production is
challenging due to the fact that the marking of intermediate
products should not influence the quality of battery cells [16,
17]. The position and size of a marking often is restricted on
intermediate products. For example, a marker can only be
applied on the uncoated sides of a foil [17]. There is only a
specific range where a code can be applied, since the foil is
slitted on the uncoated side as well. In addition, the reflection
of electrode foil (e. g. copper and aluminum and copper) can be
challenging for recognizing applied markers. Moreover, since
the process chain in battery cell production includes continuous
as well as discrete processes, the granularity of batches changes
during the manufacturing process [18]. For this reason, to
ensure identification of intermediate products throughout the
entire process, new IDs may be applied once the batch structure
changes [16]. The main challenge for identification lies in the

continuous electrode production [16].

Therefore, related work analyzes identifier methods and
their feasibility in specific process steps of battery cell
production, particularly in electrode production [16, 17, 19].
Riexinger et al. demonstrate the implementation potential of
identifier methods of objects in battery cell production and
derive a suggestion for identifier methods for each process step
in particular [17]. Sommer et al. analyze the strengths and
limitations of identification methods on electrode level by
comparing the application of data matrix codes using inkjet
systems and laser systems. It is observed that inkjet potentially
influences the quality of a cell when it is exposed to electrolyte
[19]. Buss et al. also mention approaches that can identify
intermediate products in electrode production without physical
marking using cameras and models to create fingerprints of
electrode foil segments based on microstructures [16].

Buss et al determine process cluster in battery cell
production, in which each process cluster has a stable batch
granularity. Moreover, the authors propose the concept of a
digital shadow for the concept of traceability and explain how
traceability might be ensured for each process cluster [16].

2.2. Traceability standards in production

In production in general, there exist standards for the
implementation of traceability systems, especially for objects
to be identified in discrete processes. These standards are, for
example, the Global Traceability Standard (GS1), which
includes a general process for implementing traceability,
focusing on data management aspects [14]. The GS1 standard
provides general guidelines such as information dimensions for
traceability, levels of detail of identification, and IDs so that a
standardized traceability of objects throughout the entire
supply chain is enabled [14]. The standard can be used as a
foundation, however, for being applied in battery cell
production, it still needs to be adjusted for the complex process
chain of battery cell manufacturing, in which discrete and
continuous processes take place. There is not a single standard
in battery cell production that is simply applicable to
implement traceability due to the aforementioned challenges,
especially in electrode production.

Since related work in battery cell production mainly focus
on the identification of intermediate products, there is still a
research gap that addresses the way of how a traceability
system can be implemented from a digital perspective,
considering intermediate product-specific characteristics. As
aforementioned, Buss et al. propose process clusters for
facilitating the implementation of traceability [16].

3. Concept of product-specific identifiers and data
aggregation enabling traceability

In this paper, we have a look into the objects to be tracked
and traced in more detail and explain how these objects
interlink to each other. Based on this linkage, it is possible to
make transparent what IDs need to be combined or separated
as the intermediate products might be merged or cut during the
process. The resulting concept facilitates the implementation of
traceability on a detailed level in battery cell production.
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To ensure tracking and tracing on the digital level, the
concept of product-specific identifiers and data aggregation for
enabling traceability focuses on the procedure for
implementing such a system, the underlying systematics for
unique IDs, the resulting data aggregation, and entity-
relationships.

3.1. Procedure for defining product identifiers

The identification and in-depth understanding of all relevant
process steps in battery cell production is therefore essential for
deriving necessary identifiers. Initially, a distinction was made
between the different process clusters electrode production,
assembly, and formation, each of which involves different
objects to be traced. Focusing on two elements to capture the
identifiers is required. On the one hand, this involves relevant
process steps that provide information on the processing of the
product during manufacturing. On the other hand, the recording
of information about the transformation of the (intermediate)
product by means of data — for example quality data — is
necessary. The process events describe the steps by which
actual changes are made to the object to be tracked — i. e. the
respective (intermediate) product under consideration — along
the product life cycle [14]. For this reason, specific production
steps within the process clusters are grouped together in the
context of traceability to take account of the fact that
intermediate products can be identified at the same granularity
in each case.

IDs are differentiated by the object they refer to. This means,
that the ID entails information on the (intermediate) product. In
the context of battery cell production, these can be, for
example, copper coils, coated electrodes, single electrode
sheets or produced cells. By linking different IDs assigned to
the (intermediate) products, their relationship to each other can
be represented and thus the access possibilities in databases can
be orchestrated.

3.2. Granularity of identifiers for data aggregation
realization

Different levels of granularity across the (intermediate)
products of the entire process chain in battery cell production
necessitate several distinguishable IDs, which must, however,
inevitably be linked. This is the only way to ensure
unambiguous identification at any point in the process chain,
providing the assigned data. Following the current challenges
and goals of battery cell production, the focus on traceability
and identification is on the granularity of the smallest unit to be
manufactured — the electrode sheet — which means that the
ID of the electrode sheet is the finest level of identification
within the traceability system. In this paper, three levels of IDs
are introduced for an aggregated, single, and external reference
object:

o Aggregated IDs refer to a state of the intermediate product
from which multiple electrode sheets emerge or where each
electrode sheet cannot be individually identified due to
production conditions.

o Singular IDs allow focus on unique electrode sheet
identification.

e The use of IDs for external units allows integration of e. g.
raw materials or semi-finished products used in the
production steps.

3.3. Data mapping to identifiers

To ensure object-related acquisition of relevant data, critical
parameters must first be identified. A distinction is made
between machine parameters (e.g. the line speed during
coating), quality characteristics (e.g. thickness of coating after
drying), disturbances (e.g. particle contamination during
slitting), information on input materials (e.g. thickness of
copper foil) and relevant environmental parameters (e.g. dew
point). Subsequently, relevant data sources within the
production processes, which refer either to sensors, machine
data or offline quality measurements, are identified. Data from
potentially destructive offline measurements can also be
assigned to the (intermediate) products via batchwise
assignment to corresponding batch IDs. The critical data is then
assigned to the referencing ID at appropriate level during data
acquisition. Access to data stored in database can thus be
achieved through using unique IDs. By linking the different
IDs, data can be made available from different levels and at
different stages in production processes. Thus, manifold use
cases relying on traceability are being enabled.

3.4. Entity-relationship diagrams

For the developed concept, the mapping of the links between
the individual entities of the ID flow is also done in the
described data structure. Entity-relationship diagrams serve as
a basis for the realization of data storage in relational database
systems.

In continuation of the data aggregation, the IDs are referred
to as the various entities. A primary key (PK) serves as a
specific and unique label that contains the respective IDs. The
relationships between the entities are established through
linked by so-called foreign keys (FK), and the cardinality is
indicated by the visual linkage of the entities. An exemplary
excerpt of the entity-relationship diagram of battery cell
production is visualized in Fig. 2. This exemplifies the links
between the respective IDs and the parameters assigned in each
case. These are indicated as attributes (A). It shows that the
respective intermediate product entities are associated with a
battery cell entity. Thus, each pouch battery cell is composed
of its intermediate products, including electrode sheets,
separator sheets, electrolyte, et cetera.

Specifically, for the example of the two electrodes (cathodes
and anodes), this means that a distinction is made by assigning
different, in each case unique IDs for anode and cathode at the
sheet level. According to their characteristics, these contain
different attributes that allow a precise description of the
entities.
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Fig. 2. Excerpt of entity-relationship diagram for identifiers in battery cell production

4. Application and evaluation in electrode production

The conceptual design for product-specific identifiers and
data aggregation for enabling traceability is brought into the
context of application in battery cell production. The aim is to
evaluate the proposed model based on a practical
implementation.

4.1. Experimental setup

The procedure for the experimental setup of tracking on the
electrode sheet level follows the scheme of assigning the
defined IDs to mark intermediate products and manually match
collected data from production processes (see Fig. 3).
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Fig. 3. Experimental setup for practical application in battery cell production

Creating the IDs is in accordance with the proposed model
for the considered manufacturing steps of mixing and coating
as well as for the raw materials used. The project intends to
ensure continuous identification of all relevant objects — from
the dry premix to the assembled battery cell. Finally, a data
matrix code is to be applied to the pouch foil, including a
human-readable alphanumeric code, which will also enable the
workers to immediately classify the format or cell chemistry,
for example. In initial experiments, a 20-digit ID was
introduced. In addition to the information on the production
line, the date and serial number of the roll coated on that day
are recorded in the ID. Furthermore, the position of the marking
on the electrode foil is indicated in relation to the beginning of
the foil.

The creation of the different IDs, as shown in Fig. 3, allows
these IDs to be assigned to the objects under consideration in
the respective production processes according to the entity-
relationship diagram (Fig. 2). The resulting data on, for
example, product quality or environment can be assigned to
these and thus aggregated on a product-specific basis. At the
same time, the inline data collection via sensors is gathering
selected parameters from the involved machines. Following the
data collection, the aim is to assign the recorded information to
the respective intermediate product on the basis of the ID and
thus make it available for further analysis.

4.2. Demonstration

For this paper, the focus was on the data-side
implementation via product-specific IDs. For simplification,
quick response (QR) codes were therefore used for this study,
which were applied to the electrode foil by means of adhesive
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strips. Although this does not meet the required line speed and
would also have a high influence on the cell quality, in this case
it only serves to test the applicability of the concept for product-
specific data allocation. A self-developed native app was then
used to identify the codes via smartphone.

Due to the early stage of the project, the targeted hardware
was not yet in place at the time of the study. For the physical
realization of traceability, a solution is targeted that meets the
current requirements (e.g., line speeds of up to 80 m/min with
no simultaneous influence on quality) of battery cell
production. The aim here is to apply codes that are as small as
possible by means of lasers.

First, an ID of the slurry is assigned for the batch-wise
production of the slurry. In doing so, the information from the
corresponding ID raw materials used in the mixing process is
considered and linked. Secondly, the tracking of the coating
process is covered by the ID electrode sheet, while at the same
time the ID parent coil covers the identification of the coated
coil and contains all produced electrode sheets with their
corresponding ID. All QR codes are directly applied to the
carrier foil, for the ID electrode sheet in respect of the interval
according to the cell geometry.

Data acquisition on a continuous basis allows for the
gathered data to be included in an exemplary data base to link
process parameters with the associated intermediate product,
identified by the specific ID. Processing the accumulated data
in a relational database, as described in the previous chapter,
enables the retrieval of specific information afterwards. With
the multitude of process parameters that are recorded via the
traceability system in the respective production steps, potential
cause-effect relationships can be identified.

Regarding the transferability of the conceptualization of
product-specific data aggregation, the practical approach of
this demonstration shows on the one hand that the processes
considered here can be tracked in the required level of detail,
i. e. in this case the necessary attributes can be linked to the
primary keys. The necessary attributes are those that are
required for the realization of specific use cases. In the
prototypical implementation, all relevant process and
measurement data could be linked to create transparency in
anode production. On the other hand, the demonstration shows
that the generated data can be assigned with the required
accuracy at the finest granularity level — i. e. in the approach
shown, down to individual electrode sheets.

5. Outlook

In this paper, an approach for conceptualizing product-
specific identifiers and data aggregation for enabling
traceability in battery cell production has been presented.

The approach presented in this paper focuses on aspects of
the linking of relevant objects in traceability systems in battery
cell production, which can be ensured by unique IDs. The
granularity of these IDs varies with respect to the
(intermediate) products they represent. Entity-relationship
diagrams can be used to illustrate an assignment of necessarily
traceable parameters. The developed concept was
prototypically implemented and demonstrated for the first
processes of battery cell production.

Based on the developed approach, various technological
solutions according to Industry 4.0 can be implemented, e. g.

automated quality control with the help of Aurtificial
Intelligence or the generation of a digital battery passport [20].
This allows an improvement of the production processes of
battery cells with a focus on efficiency and quality of the
(intermediate) products and leads to more transparency —
throughout the entire battery life cycle.

The strongest points of the system are its ability to be
transferred to other cell formats, and the capability to cover the
transition between continuous and discrete processes. Due to
the small amount of existing battery cell factories in Europe, a
challenge lies in the large-scale validation of the concept.
Correspondingly, further efforts target the evaluation of the
developed conceptualization approach for further stages of
battery production. Also, the elaboration of additional services
and models to enhance efficiency and sustainability throughout
the entire battery life cycle based on the traceability system, is
a following step.
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